INTRODUCTION
============

High-fat diet is known as a risk factor for various disorders. These include diabetes, cardiovascular disease, and cancer as well as obesity. As a consequence of ingestion of high-fat containing foods, inflammatory responses occur not only in digestive organ tissues such as the liver, intestine, and adipose tissue, but also in the central nervous system including the hypothalamus \[[@b1-jcp-24-020]\]. The alteration of gut microbiota such as decreased bacterial richness and diversity due to intake of high-fat diet has been investigated extensively in the context of development of chronic systemic inflammation \[[@b2-jcp-24-020],[@b3-jcp-24-020]\].

Gut microbiota inhabits along the gastrointestinal tract interacts with host gut environment \[[@b4-jcp-24-020]\]. Microbes settle in a specific location of the gastrointestinal tract and produce various metabolites, such as short-chain fatty acids (SCFAs) which influence host physiology \[[@b5-jcp-24-020]\]. SCFAs are produced from the fermentation of dietary fiber which is not degraded and absorbed at small intestine mainly at cecum, the major habitat of gut microbiota \[[@b6-jcp-24-020]\]. As SCFAs are absorbed through exchange with bicarbonates, its concentration change between the ileum to the cecum affects luminal pH causing gut microbiota changes \[[@b7-jcp-24-020]\].

Acetic acid (C2), propionic acid (C3), and butyric acid (C4) are the most important SCFAs derived from microbial fermentative end products in the human colon due to their anti-inflammatory and anti-proliferative properties. Such properties are considered the link between gut microbiota and colon cancer risk \[[@b8-jcp-24-020]--[@b10-jcp-24-020]\].

Old age is one of the strong risk factors for colon cancer, with 82.4% of diagnoses occurring at 55 years of age or older and 62% occurring at 65 years of age or older, according to the age distribution of incidence from 2010 to 2014 reported by the SEER (Surveillance, Epidemiology, and End Results) Program of the National Cancer Institute in US \[[@b11-jcp-24-020]\]. In addition, sex plays a role during colon inflammation and immune response due to different gene and sex hormone levels \[[@b12-jcp-24-020],[@b13-jcp-24-020]\]. These sex- dependent differences have been presumed to result from differences in the concentration of sex hormones, expression of genes on X and Y chromosomes, and percentage of body fat \[[@b14-jcp-24-020]\].

From this background, we investigated the association of high-fat diet with colon cancer with focus on its impact on gut microbiota. Also, we conducted experiments with both male and female rats of various ages (young to old age) to investigate the effects of sex and age on high-fat diet-induced colon cancer.

MATERIALS AND METHODS
=====================

1. Animals and sample collection
--------------------------------

Specific-pathogen-free (SPF) F344/NSIc rats of 6, 31, 74, and 104-week of age with both sexes were used (Orient, Seoul, Korea). The rats were kept under SPF conditions at 23°C and under 12:12-hour light-dark cycles. Rats were divided into two different commercial diets: chow and high-fat diets (chow: 3.85 kcal/g; high-fat: 5.24 kcal/g, 60% of calorie from fat) and were fed ad libitum. Each diet was provided by Research Diets, Inc. (New Brunswick, NJ, USA). Consequently, there were 14 groups depending on the different ages, sexes, and diets: Group 1, 6-week-old male chow (n = 8); Group 2, 6-week-old male high-fat (n = 5); Group 3, 31-week-old male chow (n = 7); Group 4, 31-week-old male high-fat (n = 6); Group 5, 104-week-old male chow (n = 5); Group 6, 104-week-old male high-fat (n = 4); Group 7, 6-week-old female chow (n = 8); Group 8, 6-week-old female high-fat (n = 5); Group 9, 31-week-old female chow (n = 6); Group 10, 31-week-old female high-fat (n = 6); Group 11, 74-week-old female chow (n = 5); Group 12, 74-week-old female high-fat (n = 6); Group 13, 104-week-old female chow (n = 10); Group 14, 104-week-old female high-fat (n = 10). The 74-week-old male group was excluded because of natural death due to senescence. During the 8 weeks of feeding high-fat diets, the body weight and food intake of each rat were measured weekly. After the 8-week feeding period, ileum and cecum tissue specimens with luminal contents were collected for fatty acid analysis. Terminal anesthesia was conducted via inhalation of carbon dioxide.

This study was performed in accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals of South Korea. The protocol was approved by the Institutional Animal Care and Use Committee of the Seoul National University Bundang Hospital (permission number: BA1304-127/033).

2. Measurements of acetic acids and butyric acids concentrations
----------------------------------------------------------------

Contents of ileum and cecum were extracted as described previously \[[@b15-jcp-24-020]\] and the concentrations of acetic acid and butyric acid in each extract were measured via high-performance liquid chromatography. Briefly, distilled water was added to 20 to 50 mg of each intestinal contents to a final weight of 200 mg. Following incubation at 80°C for 15 minutes, each sample was centrifuged at 13,000 rpm for 10 minutes, after which the supernatant was filtered through a membrane filter (pore size 0.45 μm). Acetic acid and butyric acid in each sample were then separated and measured using an Agilent 1100 series instrument (Agilent, Santa Clara, CA, USA) equipped with a C18 column (ZORBAX Eclipse XDB-C18, analytical 4.6 × 150 mm, 5-Micron; Agilent) and a UV detector (210 nm). The mobile phase consisted of 90% 10 mM KH~2~PO~4~ and 10% acetonitrile.

3. Statistical analysis
-----------------------

Data are expressed as mean ± SEM. Statistical analyses were performed using PASW Statistics ver. 18.0 (IBM Co., Armonk, NY, USA). Statistical significance was examined with the Kruskal--Wallis test or Mann--Whitney U-test with Bonferroni correction. A *P*-value of less than 0.05 was considered statistical significance.

RESULTS
=======

Firstly, daily food intake adjusted as calorie intake was compared together with body weight change. All 14 groups gained weight compared with the start point of the 8-week feeding period and the end of the period. However, the ratio of weight gain was decreased through the age in both sexes ([Fig. 1A](#f1-jcp-24-020){ref-type="fig"}). Also, the high-fat fed group showed greater weight gain compared to chow fed group in the same age and sex. Calorie intake was generally high in male rats compared with females ([Fig. 1B](#f1-jcp-24-020){ref-type="fig"}). In the case of the 31-week-old female group, there was an increased calorie intake even similar to the 31-week-old male group.

The acetic acid concentration was measured in ileal and cecal luminal contents ([Fig. 2](#f2-jcp-24-020){ref-type="fig"}, [Table 1](#t1-jcp-24-020){ref-type="table"}). All 14 groups showed a reduced acetic acid concentration in cecum compared with ileum, except for the 104-week-old male chow group. In the case of ileum, the high-fat diet group showed an elevated acetic acid concentration trends compared to the chow diet group, especially statistically significant elevation in the 6-week-old male and, 104-week-old male group ([Fig. 2A](#f2-jcp-24-020){ref-type="fig"}). For the cecal acetic acid concentration, there was no significant difference by diet, while both male and female middle age groups (31-week-old and 74-week-old) showed a decreased acetic acid concentration compared with that in young (6-week-old) and old (104-week-old) age group groups ([Table 1](#t1-jcp-24-020){ref-type="table"}).

The butyric acid concentrations in ileal and cecal luminal contents were also assessed ([Fig. 3](#f3-jcp-24-020){ref-type="fig"}, [Table 2](#t2-jcp-24-020){ref-type="table"}). In the case of high-fat fed group, butyric acid was barely detected. In the chow fed group, there was at least two-fold increase in the butyric acid concentration in cecum compared with ileum. Similar to acetic acid, both in ileum and cecum, the concentration of butyric acid decreased at middle age (31-week-old and 74-week-old) and comparatively high in young (6-week-old) and old (104-week-old) group in both sexes ([Table 2](#t2-jcp-24-020){ref-type="table"}).

DISCUSSION
==========

In this our study, we observed the different response to high-fat ingestion which was somehow related to sex and various age range (young, middle and old age range). Reduction of the acetic acid concentration in cecum compared with ileum may be attributable to absorption of acetic acid that the luminal contents moves to cecum \[[@b7-jcp-24-020]\]. Moreover, increment of the acetic acid concentration under high-fat diet condition may be due to decreased cecal absorption ability in order to inhibit excessive energy intake compared with the chow group \[[@b16-jcp-24-020],[@b17-jcp-24-020]\]. The cecal acetic acid concentration reduction in middle age compared with young and old age may implicate high capacity of digestive ability of youth \[[@b18-jcp-24-020]\].

Significant reduction of butyric acid concentration under high-fat diet condition regardless of age, sex, or intestinal location strongly suggests harmful impact of high-fat diet on gut microbiota and intestinal tissues. The reduction of butyric acid concentration under disease condition has been reported \[[@b19-jcp-24-020],[@b20-jcp-24-020]\]. The most investigated mechanism of tumor suppressive function of butyric acid is inhibition of histone deacetylases implicated in many oncogenic pathways \[[@b21-jcp-24-020]\]. However, lower doses (about 0.02 mg/g) of butyric acid have a differential effect on cell proliferation depending on the Warburg effect, provoking hyper-proliferative condition. On the other hands, high doses (about 0.2 mg/g) of butyric acid were shown to inhibit proliferation regardless of the Warburg effect \[[@b22-jcp-24-020]\]. In our study, dramatic extinction of butyric acid at cecum under high-fat fed group (0--0.05 mg/g) compared to chow fed group (0.14--1.38 mg/g) also suggests increased colon cancer risk of high-fat diet.

The measurement of SCFAs concentration of intestine is hard to be a direct evidence of gut microbial dysbiosis or inflammatory response of intestinal epithelial tissue due to high-fat diet. However, a previous study showed the alteration of gut microbiota by high-fat diet in old rat \[[@b23-jcp-24-020],[@b24-jcp-24-020]\]. Further study will be necessary to inflammatory response followed by SCFAs concentration changes depend on the gastrointestinal location by high-fat diet.

In conclusion, the acetic acid and butyric acid concentrations are influenced by diet, sex, and age, which implicate different colon cancer risk of different featured groups.
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![Body weight gain (%) (A) and calorie intake (kcal/d/rat) (B) at the end of the 8-week feeding period compared with the start of the period. Calorie intake adjusted from daily food intake of each food. Data are expressed as mean ± SEM; *P*-values to Kruskal--Wallis test are designated on the figure. CD, chow diet; HFD, high-fat diet.](jcp-24-020f1){#f1-jcp-24-020}

![Ileal acetic acid concentration (mg/g) of male (A) and female (B) rats. Data are expressed as mean ± SEM; *P*-values to Kruskal--Wallis test are designated on the figure; \**P* \< 0.05; \*\**P* \< 0.01; ns: not significant; representing statistical significance according to Mann--Whitney U-test with Bonferroni correction. CD, chow diet; HFD, high-fat diet.](jcp-24-020f2){#f2-jcp-24-020}

![Cecal butyric acid concentration (mg/g) of male (A) and female (B) rats. Data are expressed as mean ± SEM; *P*-values to Kruskal--Wallis test are designated on the figure; \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; ns: not significant; considered as statistical significance according to Mann--Whitney U-test with Bonferroni correction. CD, chow diet; HFD, high-fat diet.](jcp-24-020f3){#f3-jcp-24-020}

###### 

Acetic acid concentration of ileal and cecal lumen contents

  Sex      Age (wk)   Diet       Number of samples   Ileum   Cecum          
  -------- ---------- ---------- ------------------- ------- ------- ------ ------
  Male     6          Chow       8                   8.42    2.82    4.53   0.82
                      High-fat   5                   27.13   4.26    5.60   0.87
           31         Chow       7                   6.92    2.14    2.76   0.96
                      High-fat   6                   9.28    1.92    0.46   0.10
           104        Chow       5                   9.77    6.84    9.88   2.87
                      High-fat   4                   17.66   2.86    7.45   0.57
  Female   6          Chow       8                   18.58   5.54    9.07   2.65
                      High-fat   5                   20.60   2.53    6.82   1.52
           31         Chow       6                   6.35    1.60    0.41   0.05
                      High-fat   6                   12.95   1.53    0.45   0.09
           74         Chow       5                   4.70    0.81    0.66   0.18
                      High-fat   6                   10.36   1.37    1.11   0.44
           104        Chow       10                  15.05   4.33    4.64   1.55
                      High-fat   10                  16.30   3.61    3.73   1.18

###### 

Butyric acid concentration of ileal and cecal lumen contents

  Sex      Age (wk)   Diet       Number of samples   Ileum   Cecum          
  -------- ---------- ---------- ------------------- ------- ------- ------ ------
  Male     6          Chow       8                   0.20    0.06    1.08   0.26
                      High-fat   5                   0.00    0.00    0.00   0.00
           31         Chow       7                   0.10    0.05    0.21   0.07
                      High-fat   6                   0.04    0.02    0.05   0.02
           104        Chow       5                   0.54    0.35    1.08   0.50
                      High-fat   4                   0.00    0.00    0.00   0.00
  Female   6          Chow       8                   0.20    0.10    1.38   0.34
                      High-fat   5                   0.00    0.00    0.02   0.02
           31         Chow       6                   0.06    0.05    0.14   0.06
                      High-fat   6                   0.00    0.00    0.03   0.02
           74         Chow       5                   0.00    0.00    0.14   0.04
                      High-fat   6                   0.00    0.00    0.05   0.03
           104        Chow       10                  0.29    0.21    0.51   0.16
                      High-fat   10                  0.01    0.01    0.02   0.01
